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I. GERERAL

A. In September 1952 a preliminary report was prepsred on this sub-
ject. When the preliminary study was made there was considerable doubt
whether the cloud from thermonuclearweapons cotid pierce the tropopause
and rise significantly against the isothermal or inversion lapse rate of
the stratosphere. Since practically all of the mushroom of the IVY-MIKE I
shot penetrated the tropopause and the maximum height reached was 13&OO~

I

ft. msl for the plume md 125,000 ft. for the top of the mushroom~ there I

is no longer any doubt that man made explosions can carry aloft to the
required heights a considerable quantity of soil debrie. The preliminary
report used the Rayleigh equations for diffuse reflection and random 1

scatter of radiation by dust particles. Upon further analysis of the I
problem it islnow realized that since a majority of the dust particles
under consideration are in the size range as the wave length of visible

I

light, the simple inverse fourth power of the wave length function
developed by Rayleigh for radiation scatter must be discarded for the

I

more complete theory developed by Mie (5). In the preliminary rePo* the ~
amount of dust required aloft was divided by the fourth power of the
ratio of the wave lengths of terrestrial to solar radiation. It is now
realized that such a procedure was not justified. Much of the data
contained in the preliminary report will be included in this second study.
This may be repetitious, but it will have the advantage of putting the
required information in one report.

B. From a study of the reddish-brown corona observed around the 8UCl

for two or three years after the volcanic eruptions of Krakatoa in 1883,
Mont Pelee and Santa Maria in 1902 and Katmai in 1912) astronomers observed
a significant reduction in solar radiation (10 to 2 ) due to a dust layer

Humphreys (1) calculated that if 1.734 x 10%aloft. spherical particles
of 1.85 micron diameter are uniformly distributed throughout the isothermal
region of the atmosphere,.therewould be a significant reduction in solar
radiation. If this is continued over a period of time, the surface
temperature of the earth would be reduced by several degrees centigrade
and this would lead to a general cooling of the earth’s climate. Humphreya
also maintained that if major volcanic eruptions occur once a year, or
even once every two yeara over a period of time, the snow line may be
depreseed significantly possibly leading to a moderate ice age. In a
recent article IX H. l!exlerof the U. S. weather Bmeau (3) states t~t
Humphreys volcanic Theory of Climates has considerable merit as compared
to the other climatic variation theories.

II. ~URPOSE

Determine whether it 1s possible for superweapons exploded on the
surface or underground to eject a sufficient quantity of hmt into the
stratosphere so an to reduce insolation by 10% to 20%.

III. ~HE TOTAL QUANTITY OF SOIL EJECTED ALOFT BY SUPEF!WEAPONS

If a simple comparison 1s made between the amount of material ejected
from the major volcanoes and that from atomic bombs or even from thermo=
nuclear bombs it is at onqe.e.videntthat Tolcanoea eject far more total,.

-.

-.



‘- ~,**-,r--

L -.. G.- ...

material into t:e atmosphere. Although no

L
accurate figures exist, it has

been variously estimated that 13 cubic miles disappeared during Krakatoa,
and from 1 to 5 cubic miles of material were ejected from the K8tmai
Volcano in 1912. Some of these volcanic eruptions lasted over a period
of days or weeks with variations in the intensity of explosions. There is
no doubt that large volcanoes eject much more total mass into the atmosphere
as compared to any man made explosion, since even megaton weapons could not
eject more than a small fraction of one cubic mile of material high into
the atmosphere. However, it may be that volcanoes are not efficient in
this matter, in that they-waste a very I.argaamount of their total output
in the lower layers of the atmosphere. It should be noted that to produce
any persistent lowering of the intensity of solar radiation reaching the
surface of the earth, volcanoes must throw out high into the atmosphere
(20 to 30 miles high) fine volcanic ash particles that will not settle
out over a period of several years. Hence a comparison of the total mass
ejected by volcanoes as compared to that ejected by Super-weapons may not
be significant. It is more important to determine the heights reached by
such particles, and if possible, the particle size distribution of the
dust reaching such heights. There is practically no information concerning-
the amount of dust that may be ejected aloft as a result of exploding
superweapons on the surface or underground. Accordiag to references (8)
and (8a), the cloud produced by 320,000 lbs. of TNT explosion weighed
approximately 46,000 lbs. and had a

1!
olume of 1 x ldo cubic feet. This

gives the c..ud density as 4,6 x 10- lbs/cu.ft. Howevers when a particle<
size analysis was made, it was determined that there were very few if any
particles greatsr than 3 microns ti the cloud sampled and 40% to 70% of
the particles collected were below 0.8 micron in size. This means that
the L+6$C00 J. weight refers to the stabilized cloud and it certaitiy refers
to the weight of very small particles in the cloud. Actually very little
reliable data exists on the pro ‘em and the whole method of measuring
particle sizes is depefidentupor ~e methods used to collect the samples
and also upon the method of aria. S. For example, in studying the
particle size distribution ~uring ~eration Jangle (2) it was found that
the median particle diameter for g:oss samples was 0.22 micronwherx measur~
under the electron microscope whose limit of resolution is probably two
orders of magnitude greater than the 0.5 micron resolving power of the
optical microscope, and the median particle diameter of radioactive
samples as measured by the optical microscope was 1.4 microns. Reference
(8) gives the particle concentrations for the C1OU from 1.0, 0. and

$ ~0.2 scale TNT shots as 2300 psrticles/cm3, 6700/cm and 2565/cm re-
spectively. It is assumed from this information that particle concentration
in TNT explosion clouds is a function of the totil amount of explosive used
at scaled depthe. It should be noted that 1.0 scale ref’ersto 320,000 lbs.
of TNT exploded 35 ft. underground, 0.5 scale refers to 40,000 lbs. TNT
exploded 17 ft. underground and 0.2 scale refers to 2560 lbs. exploded 7 ft.
underground. These charges and depths of explosion are scaled so that&
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for the three different charges are the same where ~, andd-

depth of burial of charge h feet, W = weight of TNT in lbs. If explosion
cloud density is some function of the amount of high explosive used, then
it may be that cloud density is also a function of the equivalent energy
yield of atomic or thermonuclear weapons. Of course there is no method
of determining the magnitude of such a function except to say that probably
cloud density increases with energy yield of the bomb by some factor.

In this report it will be assumed that the cloud density for high
yield atomic or thermonuclear bombs in the order of 10 megatons of energy “
yield, exploded at scaled depths underground would be approximately forty
times the cloud density for 1.0 scale TNT explosion mentioned above, and
the cloud density for surface explosions would be approximately thirty
times the cloud density of the above-mentioned TNT explosion. It will be
aasumed that the clouds from JANGLE-underground and JANGLE-surface shots
have the same cloud density as that for the 1.0 ecale TNT shot mentioned
a’hove. Under this assumption the stabilized cloud from 1.2 KT JANGLE
under~round shot would weigh approximately 4 x 105 lbs., and the JANGL%
surface cloud would weigh approximately 3 x 105 lbs. This means that -
for a 10 megeton weapon exploded at scaled depth underground, the cIoud
wo~d weigh approximately 1.6 x 1011 lbs. and for a surface burst the
total cloud weight would be approximately 9 x 1010 lbs. It will be

further eesumed that the numerical median particle diameter In the cloud
is 0.6 micron.

r?. REDUCTION OF SOLAR RADIATION BY THE LAYER OF DUST ALO~

In the Preliminary Report, Rayleighls Equations for diffuse reflection
and random scatter were used. These equations will be mentioned here
again so that a ready comparison could be made with the morB rigorous
treatment of the subject by Mie. Also a computational error was made by
Humphreys (l), and this will also be discussed below.

A. RaYlei~hts Ehuations I
.

1. Eauation for Random Scatter

If dust particles are smaller
of visible light then according to
following equation applies:

-hy
Ey=Ee .--.-.-----

than the wave length
Humphreyst text the

-- - -Equation 1

Where 3
(~~ - K )2 nV2-- - -Equatlon”2

‘= 24~ (~1 +2K )2 34

K1 = dielectric constant dust particles
K = tiielectricconstant of medium
V D volume o$.each.,particle,.$ >~

.,../>,
~
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n = concentr;t”lo;of’’~rticlea in air
E = original intensity of radiation
Ey = intensity after radiation haa pssed through y cm. Of

the dusty layer
~ = wave length of radiation
y = distance trave~?ed by radiation in the dusty layer and

in a path normai to it

Humphrey~ assumed that tke dielectric constant of the volcanic
ash p8rticleS was 7. This means that the index of refraction
of the particles would be~ which iS considered to be q~te
high. In this study it has been assumed that the dust particles
have an index of refraction of 1.55. For index of r@f~ction
equal tow the value of h is as follows$

h= 11Tr3
y2,T. ..------ . ..&wtion3

For an index of 1.55$ hl hss the value of

h’ = 2.1~3
~2 n- - - -- - - - -Equation 4
~&

Humph5eys, using the value for h given by m~tion 3)
calculated that for dust particles of 1.85 micron diameter
the OOlar radiation is shut out 30 times more efficiently
than terrestrial radiation, but if the value for hi is
substituted it is eeen that solar radiation is shut out
approximately 160 times more efficiently.

2. Eauation for Diffuse Reflection

According to Rayleigh, if the particles are large compared
to the wave length of solar radiation, the following equation
applies:

-2~r2 nx
Ix=Ie ..-. ---- -- - -Equation 5

Humphreys used Equation 5 to determine that the total amount
of 1.85 micron volcanic dust required aloft iS 1.734 X 10~
to reduce solar radiation by 10% when the sun is at the zenith.
In checking Humphreys calculations it seems obvious that he
must have made a mistake, because if the necessary values
are substituted in Equation 5 it turns out that 1.1 x 1025
particles are required eloft.

B. Miets ThgorY of Scatter

The complete rigoroue theory for the scattering
ieotropic spheric81 particles was developed by Mie.

4
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theory leads to rather complex expressions involving infinite
series of terms where the series converges more and more slowly
as the ratio of the diameterof the sphericalparticleto the
wave lengthof radiationincreases.For spheresof any size
the Me generalequationsare as follows, given by Sinclair (5)2

. -.

WhereA and P are complex functions of< and m.
m = indexof refractionof particles
h = scatteringcoefficient

For transparent(non-ebsorbing)spheres,m is realand
~uationt yieldsthe totalamountof light that is takenout of
the incidentbeam. For absorbingparticlesm is ccm~ex and
equation6 yieldsonly that pertof the lightwhich is scattered
by the sphericalparticle. For absorbingsphericalparticlesthe
totalamountof lightabstractedfrom the beam (scattered and
absorbed) is given by

( - (-l)ni(An+pn) ]
h, -~2n =*( E -- Equation7

27J- (n=l )’-

Where
h! = extinctioncoefficient(scatterand absorptioncoefficient).
WWLtl standsfor the real part of the expression In brackets.

Houghton(7) has shownthat
HlelsEquationmay be reducedto

I=Ioexp(-~x>r2& )-
.-

Uhere
~=tOti~a “ “ree cross-sectionas

and others. KS is givenus

Even for the
spheres)the
able. Lewan
o(= 6.0. H.

.-

for a givenwave lengthof light
the following:

. ..- -- Equation8

calc~ated by Lowen ●nd Houghton
a functionof<, where.-

<=qJL*.
\

relativelyeimple case underconsideration(dielectric
computationalproblemof Mietsaquetionais formld-
(9) has computedMie’sEquationsfor<= 0.5 to
G. Houghton(7) baa calculatedthe totalscattering

fromnon-ebsorbingweterdropswhoseindex of refraction is 4/3
for valuesof~= 6.o to~= 24. A studyof Miels equationswhows
thatfor perticlea larger than air molecules the scattering
coefficientdoes not follow sucha Bimplolaw as the inversefourth
powerof the wave lengthaa indicatedby Rayleigh(Eqns.1 and 2)$
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but rather that the scatter coefficient is a complicated function
of the ratio of the particle diameter to the wave length of the
ratiiation. As a matter of fact the scattering area coefficient,
Ks, versus< curve shows at,least two maxima and two minima and
accordingto Hougf;tonprobably such maxima and minimaomtinue to
oscillate about the value of Ka = 2 with decreasing amplitudes.
However, such va~.ations of transmissionwith wave length will
be evident only for small dand for monodisperse aerosols. In
natural aerosols,such as fog and clouds,~ is so large and the
drop size distribution is so broad that no variation of trans-
mission with A is expected to be ;vident. This conclusion is
verified by the f$st that the s~ s disk appears whiie when
viewed through fog or thin cloua.. Stratton (6) was able to
produce artificial fog in the laboratory using steam and natural
nucleating agents found in the air. This fog was composed of
water droplets which were considerably smaller than In natural
fog. Stratton found a definite variation of transmission with
wave length. At O(= 11.2 and using~ = 0.49 micron there was a
maximum transmission. Hence the radius of the fog particles
was calculated to be 0.875. This is a remarkable confirmation
of Mie’e theory of scatter and an experimental verification of
the first minimum in the KS versus O(curve. Since muation 8
applies only to a given wave length, to obtain the correct vslue
for solar radiation the value of I should be integrated over the
range of wave lengths in sunlight. In order to simplify the
computational problem, it will be assumed that solar wave length
!s equal to 0.57 micron. And because it is known that the atomic
:loud is not a monodisperse aerosol, probably the Jobst asymptotic
curve of KS versus~would produce more realistic results than
the complex Ks versus+ curves. If the particle size distribution
h the atomic cloud were known with some accuracy, it may be
worthwhile to determine I by the summation process indicated in
~uation 8 and then to integrate I over the range of a values.
-As it is, there is no merit in such a procedure until the particle
size distribution in the atomic cloud is better known. It will
be assumed that m = 1.55, and it will also be assumed that the
particles are transparent since the absorptivity of the dust
psrticlee is not known. Under these assumptions X6 may have a
maximum value of approximately 4 when <has a valuebetween3
and 4$ and it will be assumedthat Ks reducesasymptoticallyfrom
its maximumvalue to a valueof 2 at<= 50.

Calculations of the Reduction of Insolation due to the Dust
Layer Aloft

Itwill be assumedthat the numericalmedisnparticle
distributionin the atomiccloudis approximately0.6 micronsin
diameterfor largeyield atomic bombs or thermonuclear weapons
(10 megatons) expl~ed on the smface or underground.However~
sincethe particlesizedistributionof the atomic bomb.cloud Is
admittedly not known with any hi~h~egree of accuracy,calctiations----



will he made assumingthe numericalmediandiameterto#.85,
I

Lo, 0.6 and o.3 ~icrons. The totalnumberof particlesre-

quiredaloftto reducesolarradiationby X$ when the sun is

at the zenith is given by the following relations$ where it is
assumed that the mean solar radiation wave length is 0.57 micronsx

~= In 10 -ln9 ----- - - -lquation 9

T+%

nx = Number of dust particles of radlm$ r? in ● vertical

column of 1 CM* cross nectionin the atmosphere

A = Surface area of the earth“ 5.1 x 1017 cm2

mLLL

TOTAL NU?dBEROF PARTICL~ VALUE CF VALUE OF

PARTICLE DIAldETER REQUIRED ALOFT TO REDUCE G d

JN XICRONS SOLAR RADIATION BY 10% usED USED

1.85A 6.7 x 102~ 3 10

1.7 X1O*5 4“ 5.5
100

5.4 x 1025 3*3
0.6 4

6.1 X 1026 1.25 1.65
0.3

If it is assued that the densityof dust particlesis 3 gm/cm3,and tbt all particles
are eitherspherical(a = b = c) or spheroids,where a “ 2b = 3c9 then the ~til

number of particles in the atomic cloud from 10 megatonweaponsexplodedon the surface
and subsurfaceis given in Table11 below:

10 Megaton Bomb Totalnumberof Particlesin the atomiccloudassumingspherical
explodedon Surfaceor and spheroidal particles for the differentnumericalmedian
Subsurface particledistributionof the atomiccloudindicated:

SPHERICALPARTICL= WHERE SPHEROIDALPARTICLEW~ ‘
a=2b= 3C

Surface * 1.0-.0. ~85fi 1.0 P 0.6 A

Detonation @OU 2.6fioL3 1.2xlo 2.5x10z~ 1.6d02b 5.8x10L1

Sub-Surface
25 1.W&4 L6x1027Detonation 6.6x10u 4.2~0

~ozs 2.5XL026 1*=027 9.3xlo27

7
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Table I indicates the total number
reduce sol” ‘adistionby 10$ if the

shows the est .eduumber if particles
superweapons .oded on the surface or

of dust particles required aloft
sun is at the zenith. Table II
ej ~tad aloft by 10 megaton
s~.-surface. Hence a comparison

of-the values uctained by the two tables for a given particle xize woI&lc?
indicate whether 10 megaton weapons can have any effect on the world cllmaie.
However, the values shown in Table II are based on scaling the cloud
density o: 32C ~00 lb. TNT shot with the cloud density that may be produced
by a 20,000,000,000lb. equivalent TNT shot (10 megaton SuperWeapon).
Certatiilyscaling over such a large range of values could be in error by
8 factor of 10 or more. Therefore, although Table 11 indicates that a 10
megaton weapon is capable of reducing sol - radiation si&@f’i~ntlY~ it
would be more realistic to assume that fr ~ 10 to 100 megaton weapons are
required to produce significant reduction of insolation. It should be
noted that in the preliminary report it was concluied that SuperWeapons in
the energy yield range of 10 to 100 megatons may be able @ effect the
climate of the world, and this conclusion remains essentially unaltered
despite the more detailed analysis of the radiation scatter problem presented
in this study. Since it would *eke severalyearsfor 0.6 micronp*icles
to fall to the ground from 100,:;O ft. then it is assumed that if 10 to 100
megatonwear J are explodedon the surface or underground once every few
years, they y still be able to reduce solar radiation. In order to have
any confider in the ass~ed density of the exploBion clouds an attempt
should be m: to ~amPle ~tomic clo~g to obtain the total number of
particles pc ~qit volume of the cloud. After suchexperimentaldata is
available,I willbe possibleto evaluate this report in more realistic
terms. Itis recommended that an att;npt be made to determine the total
particleconcentrationin a TNT explo;ioncloudusingdifferentamountsof
high explosivesat a givendepth of charge burial or exploding the different
amounts of TNT on the surface. This recommendation is made to determine
the change in total particle concentration of an explosion cloud with
different amounts of high explosivesused. In order to eimplify the problem
of detertainlngparticleconcentrationsit is suggestedthat relatively
large amounts of TNT ba employed. For example, 160,000 lbs., 320,000 lbs.
and 640,000 lbs. of TNT may be used at a given depth of burial~ 6aY 17 ft.
underground, or all three of them may be exploded on the surface. If the
cloud concentration increases perceptibly.with increase in charge, then
the assumptions made in this report may be justified. However? If th~e
is no marked rtiangein cloud mcef -ration from the three different charges
of TNT mental d above, then ~e estimates made in thisstudywill have to
be reducedb factor of approximately 50 or 100.
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